Background Infants who develop house dust mite (HDM) allergy and HDM-sensitised children with severe persistent asthma have low antibody responses to the P6 antigen of Haemophilus influenzae. Objective To measure the development of antibody to two ubiquitous bacteria of the respiratory mucosa in a prospective birth cohort at high risk of allergic disease and to assess which responses are associated with asthma and atopy. Methods IgG1 and IgG4 antibody to H influenzae (P4 and P6) and Streptoccocus pneumoniae (PspA and PspC) surface antigens was measured in yearly blood samples of children aged 1e5 years. IgE to the P6 antigen was examined for the 5-year group. The children were stratified based on HDM sensitisation and asthma at 5 years of age. Results HDM-sensitised children had lower IgG1 antibody titres to the bacterial antigens, and early responses (<3 years and before the development of HDM sensitisation and asthma) corrected for multiple antigens were significantly reduced for P4, P6 and PspC (p¼0.008, p¼0.004 and p¼0.028, respectively). Similar associations with asthma were also found (p¼0.008, p¼0.004 and p¼0.032 for P4, P6 and PspC, respectively). The IgG4 antibody titre and prevalence were similar in both HDM-sensitised and non-sensitised groups, but sensitised children had a slower downregulation of the IgG4 response. Children with asthma (27/145 at 5 years) had lower anti-P6 IgE responses (p<0.05). Conclusions HDM-sensitised children have early defective antibody responses to bacteria that are associated with asthma. Surprisingly, antibacterial IgE was associated with a reduced risk for asthma.
INTRODUCTION
There is a strong association between allergy to indoor allergens and the development of asthma, but as many as 50% of children with high IgE antibodies do not develop disease. 1 It is becoming apparent that the development of allergy and asthma is associated with deviated immune responses to respiratory viruses 2 3 and mucosal bacteria 4 5 which, through several proposed mechanisms, could increase susceptibility to sensitisation and disease. 6 7 In keeping with this, children with atopic asthma experience more frequent and severe rhinovirus-induced illnesses 8 and children who develop wheeze have increased bacterial colonisation of the nasopharynx as neonates. 9 Additionally, the airways of people with asthma, once thought to be sterile, carry a larger load of Haemophilus influenzae than those of healthy people. 10 The high prevalence of rhinovirus during asthma exacerbations 8 and increased asthma found in children who develop wheezy rhinovirus infections early in life 11 has provided a platform for ongoing investigations. The study of bacteria has not been as extensive, but colonisation with H influenzae has been found to precede wheezing and also to be associated with exacerbations and to be independent of viral infection. 12 In keeping with these associations, IgG1 antibody responses to the protective P6 antigen of H influenzae have been found to be decreased in 2-year-old children who developed atopy at 5 years. 4 House dust mite (HDM)-sensitised children with frequent or persistent asthma exacerbations were also shown to have lower anti-P6 IgG1 titres than children with infrequent episodic asthma. 5 One-third of atopic children and adults had the Th2-dependent IgG4 anti-P6 antibody. 4 Antibacterial IgE antibody has also been found in both atopic and non-atopic subjects 4 13 and, counterintuitively, for atopic subjects was inversely related to the risk of asthma. 13 
Key messages
What is the key question?
< Do children who develop asthma and house dust mite sensitisation have altered immune responses to colonising bacteria early in life?
What is the bottom line?
< Early impaired antibacterial IgG1 antibody is associated with atopy and asthma. The development of antibacterial IgE antibody is associated with protection from asthma.
Why read on?
< Altered immune responses in the development of asthma are not just restricted to viruses.
< Additional data are published online only. To view these files please visit the journal online (http://thorax.bmj.com/content/ 67/4.toc).
This paper describes the development of the antibody responses to the P4 and P6 antigens of H influenzae and pneumococcal surface proteins A and C (PspA and PspC) of Streptococcus pneumoniae in a high-risk cohort of children. The primary aim of the study was to determine if the IgG antibody responses that we had noted previously in our studies with P6 4 5 occurred for different antigens and for different bacteria, and to observe when they occurred. The second aim was to determine if the inverse association of IgE antibody and asthma found in another cohort 13 also occurred in this cohort and if it was present early (5 years).
METHODS

Characteristics of the study population
Antibodies were examined in the plasma of children from a prospective birth cohort (Childhood Asthma Study) at 1, 2, 3, 4 and 5 years of age. A total of 263 children at high risk of atopy (at least one parent with a doctor-diagnosed history of hay fever, asthma or eczema) were recruited prenatally between 1996 and 1999.
14 Skin prick tests (SPT) to common allergens were performed. A third of this population was HDM-sensitive 14 with few (<5%) being SPT-positive only to other allergens. The SPT-positive infants were selected solely on the presence of a positive skin test to HDM extract ($2.5 mm) and the SPTnegative infants were selected on the absence of a skin test response to HDM at 5 years of age (table 1) . Children without SPT information at 5 years were not included in the present study, and plasma and SPT data were available for 191, 188, 187, 176 and 145 children, respectively, from years 1 to 5. The selected children were representative of the whole cohort based on variables such as HDM sensitisation, current asthma and gender. Asthma was defined as current doctor-diagnosed asthma and wheeze in the 12 months before the 3-, 4-or 5-year visit. Symptomatic infections, which were mostly viral, were recorded and reported by Kusel et al 15 and are summarised in the online supplement. Samples were not collected for bacterial (and viral) carriage.
Antigens
The bacterial antigens were conserved surface proteins known to elicit protective immune responses that should have similar requirements for antigen processing and T cell responses as the allergens. Details of the antigen preparations for P4 and P6 from H influenzae, PspA1, PspA2 and PspC from S pneumoniae and the major HDM allergens are outlined in the online supplement.
Quantification of antibody binding
The IgE, IgG1 and IgG4 antibody isotypes to the bacterial antigens and IgE binding to the major HDM allergens Der p 1 and Der p 2 were assayed by a procedure using humanised chimeric antibodies for absolute quantitation. 16 17 A microtitre plate dissociation-enhanced immunofluorescence assay (DELFIA) was performed where antigen coating was standardised by capturing His-tagged recombinant antigens with antiHis monoclonal antibody. 4 The assay was calibrated by interpolating the results from a titration curve constructed with recombinant Der p 2 captured by the same procedure and a standardised (IU/ml) humanised chimeric IgE, IgG1 or IgG4 anti-Der p 2 antibody (Indoor Biotechnologies, Charlottesville, Virginia, USA). Antibody values below the limits of detection were ascribed a value of half the limit of detection.
Total IgE was quantitated by ImmunoCAP (Phadia, Uppsala, Sweden) in the Immunology Department at Princess Margaret Hospital. IgG1 was quantitated by DELFIA using antibody pairs from BD Biosciences (San Jose, California, USA) and an IgG1 plasma standard curve ranging from 0.02 to 1.64 mg/ml.
Statistical analysis
Differences in the level of antibody binding by selected groups (SPT+ /SPTÀ or asthmatic/non-asthmatic at 5 years) were initially compared by ManneWhitney or c 2 tests. Correlations were studied using the Spearman rank correlation. In order to investigate the association of asthma and HDM sensitisation at age 5 with the levels of antibody binding in the first 3 years of life and the first 5 years of life, further analysis with generalised estimating equations (GEE) were employed. The analyses accounted for inherent covariance in the same subject. In the GEE regression analyses, levels of antibody binding were logtransformed to approximate a normal distribution. All analyses were performed using GraphPad Prism Software (La Jolla, California, USA) and StataIC V.11 (StataCorp).
RESULTS
IgG1 antibody development
IgG1 antibody titres to P4 and P6 of H influenzae and PspA (PspA1 and PspA2) and PspC of S pneumoniae were measured in samples taken from 1 to 5 years (figure 1, table 2). Atopic children (SPT-positive to HDM at 5 years) showed decreased titres to P4 early in development at years 1 and 2. The mean P6 titres of the atopic group were about half of the non-atopic group for all years. The prevalence in the cohort (figure 2A) shows that responses were slow to develop with only 70% showing detectable titres at year 4. The IgG1 titres of atopic children to the S pneumoniae antigens showed reduced responses from years 2 to 3 for PspA (49% of SPT-negative) and from years 1 to 2 for PspC (34% of SPT-negative). There was a significantly reduced prevalence of antibodies at year 2 for PspC but not PspA. PspC induced high titres earlier than the other antigens and reached 10e20-fold higher titres than P4 and PspA at year 5, and these in turn were approximately 10-fold higher than the titres to P6. The values in parentheses are the percentage of boys/girls or the percentage of children with asthma. Details of when asthma first started for individual subjects is outlined in the supplementary methods. *p<0.05, **p<0.001 between SPT-positive and SPT-negative groups. ND, not determined; SPT, skin prick test.
When the children were stratified for asthma at 5 years, the group with asthma had lower anti-P6 IgG1 titres from age 2 years (p<0.05 to p¼0.005) and lower anti-P4 at age 5 years (p<0.01, table 3). The mean anti-PspC IgG1 titres at 2 years were 2.5-fold lower in the asthma group, and a similar trend was observed for the anti-PspA titres between the ages of 2 and 4 years and for anti-P4 at age 4 years.
Since the early time points were shown to be important in the initial analyses, we further analysed the associations of HDM sensitisation and asthma at age 5 years with IgG1 antibody responses in the first 3 years of life using GEE regression approaches. The early time points in the first 3 years of life were also before the majority of children developed asthma. Low IgG1 titres to P4, P6 and PspC in the first 3 years of life were significantly associated with HDM sensitisation at age 5, with a significance of p¼0.008, p¼0.004 and p¼0.028, respectively, after correcting for multiple testing. Likewise, low anti-P4, anti-P6 and anti-PspC IgG1 antibody in the first 3 years of life were significantly associated with asthma at age 5, with a significance of p¼0.008, p¼0.004 and p¼0.032, respectively. Similar associations with HDM sensitisation and asthma and low IgG1 antibody responses to P4, P6 and PspC were observed in the first 5 years of life.
Overall, the IgG1 titres to P4 and P6 in different individuals were highly and very significantly correlated (p<0.001), as were the titres to the PspA and PspC antigens (p<0.005; see table 1 in online supplement). However, the titres to the antigens of the Figure 1 Development of IgG1 antibody (ng/ml) to the P4 and P6 antigens of Haemophilus influenzae and the PspA and PspC antigens of Streptococcus pneumoniae in plasma collected from children aged 1e5 years. The mean antibody titre of SPT-positive (filled circles) and SPT-negative (open circles) children is shown. *p<0.05, **p<0.01, ***p<0.001 between-group comparisons (SPT-positive vs SPTnegative). Lower IgG1 titres to P6 at 1, 3 and 5 years and PspC at 2 years were significant after correcting for multiple testing. The geometric mean and 95% CIs are shown in table 2. SPT, skin prick test. different bacteria were not well correlated, although some time points were significant (p<0.05).
IgG4 development
The titres of IgG4 antibody were low for most subjects (see table 2 in online supplement) and there were many nonresponders, so the analysis has been presented as prevalence ( figure 2B ). No differences between the IgG4 responses of HDM-sensitised and non-sensitised subjects were found for P4, P6, PspA or PspC. There was, however, a gender difference for the response to P6 at 5 years of age with 20/79 boys and 8/66 girls having detectable titres (p<0.05). The responses of the boys and girls to the other antigens were very similar.
The prevalence of IgG4 antibody to P4 and P6 increased to year 4 but then felldmarkedly for P4, and the decrease for P6 was only statistically significant for the non-atopic subjects. The prevalence of IgG4 antibody to the S pneumoniae antigens did not show this fall and increased progressively from year 1 to 5.
Neither the prevalence of IgG4 antibodies nor the titres were associated with the development of asthma. The titres of IgG1 and IgG4 to P6 and PspA in fact had a consistently positive correlation (r¼0.218, p<0.008 and r¼0.491, p<0.001 at year 5 for P6 and PspA, respectively; see table 3 in online supplement). The titres to PspC were significantly correlated at some time points.
Overall, the titres of IgG4 to all of the antigens correlated strongly with each other, including comparisons of the H influenzae and S pneumoniae antigens (p<0.005 to p<0.001; see table 4 in online supplement).
IgE antibody
IgE antibody assays required low dilutions of serum so they were performed for the year 5 group and measurements were only made with P6. The IgE was detected in 64% of serum samples and there was no difference in titre or the prevalence of responses in the SPT-positive and SPT-negative groups.
A number of the higher titres were >10 ng/ml. When analysed for asthma, non-asthmatic children had significantly higher anti-P6 IgE titres (p<0.05; figure 3A) . In contrast, the children with asthma had significantly higher IgE titres to the major HDM allergens (p<0.001). No correlation was found between the anti-HDM and anti-P6 IgE titres (r¼À0.08, p¼0.325) for the whole cohort but, importantly, there was an inverse relationship between HDM and bacterial IgE titres for the SPT-positive group (r¼À0.342, p<0.05).
The anti-P6 IgE and IgG1 antibody responses were strongly correlated (figure 3B), but there was no association between the IgE and IgG4 response.
Immunoglobulin measurements
Total IgE was also measured at age 5 and there was a negative correlation between the IgE immunoglobulin and anti-P6 IgE titre for the SPT-positive group (r¼À0.329, p<0.05) and a positive trend was observed for the SPT-negative group (r¼0.408, p¼0.09). The expected strong correlation between the anti-Der p 1 and Der p 2 IgE titre and total IgE (r¼0.644, p<0.001) was found for SPT-positive children.
IgG1 immunoglobulin was measured at age 3 to compare with the early antibody results. Plasma was unavailable at ages 1 and 2. A weak positive correlation between the anti-P4 IgG1 and total IgG1 immunoglobulin was found (r¼0.259, p<0.005), but no correlation was found for the other antigens. The IgG1 immunoglobulin levels were similar between the SPT-positive and SPT-negative groups.
DISCUSSION
The IgG1 results confirm the earlier observation with a subset of this cohort showing that there is an early deficiency in the antibody responses of atopic children to the P6 antigen of H influenzae. The results are now extended to show deficiencies in response to the P4 antigen of H influenzae and the PspA and PspC antigens of S pneumoniae. The most significant differences between the HDM-sensitised and non-sensitised groups were found at either 2 or 3 years, when a rapid increase from infant levels occurred. The decreased titres to the H influenzae antigens and the PspC antigen of S pneumoniae were associated with the development of asthma. This corroborates the finding with an emergency department cohort showing that children with frequent and persistent exacerbations of asthma have low anti-P6 IgG1 titres. 5 The lower IgG1 titres to P4, P6 and PspC were found at a time that precedes the development of anti-allergen IgE and before asthma was apparent for many children, so they were not the result of bystander effects of prolonged allergic responses. Since IgG switching in humans can be mediated by varying combinations of cytokines produced by Th1, Th2, Th17 and regulatory cells, the deficiencies cannot be easily attributed to a particular T cell lineage. 18 They were not generally associated with reduced immunoglobulin levels, indicating that the defects were only found in certain types of antibody responses.
It was previously shown that about 30% of HDM-sensitised adults and children of school age have IgG4 antibody to the P6 antigen, a response rarely found in non-sensitised subjects. 4 The results here show that the IgG4 titres in the preschool age groups were low, with no significant association with sensitisation or asthma for any of the antigens. There was also no association of asthma severity with IgG4 titres noted in emergency department admissions. 5 It appears that the persistence of the IgG4 antibodies in HDM-sensitised subjects only becomes apparent at an older age and is not associated with disease. The positive association of IgG4 and IgG1 titres is also consistent with this. The production of IgG4 is absolutely dependent on Th2 cell help, so it is a marker for Th2 responses. It is interesting that, for the H influenzae antigens, the prevalence of IgG4 fell from 4 to 5 years; this was marked for P4 and was only found in non-sensitised children for P6. Taken together with the results from older subjects, 4 it seems that IgG4 is downregulated in nearly all non-sensitised subjects but persists in some atopic individuals. It is, however, the low IgG1 and not persistent IgG4 that associates with disease. The bias to the male sex found previously for IgG4 antibody to P6 was also evident, but there was no suggestion that it occurred for the other antigens, even P4. It has been shown that P6 (but not P4) stimulates macrophages by a TLR2-dependent mechanism, 19 so there may be a sex difference in some aspect of innate immunity.
The detection of IgE antibody to bacteria has been described many times. The results here provide estimates of absolute quantitation of titres to defined antigens. The responses could reach titres typical of the IgE responses of many people to major allergens. This infers that the IgE may be significant in the pathophysiology, and also that the immunological events that underpin the induction of antibacterial IgE, such as Th2 cytokine production, could be as substantial as those induced by allergen. The responses, however, suggest that IgE is associated with protection from asthma. They corroborate those from an independent large unselected birth cohort where IgE antibody titres to both H influenzae and S pneumoniae antigens were inversely associated with the risk of asthma, 13 and subjects with the highest titres of antibacterial IgE had the lowest risk of asthma. Although not initially appreciated, the boosting of IgE during convalescence from asthma attacks 5 might be part of a protective response since the antibacterial IgE titres at admission were in fact low. The current study here independently confirms the negative association and also shows that it is evident when asthma first becomes prevalent in children. The protective association might seem paradoxical, but there are at least two general potential pathways. The first is that Th2 cytokines 20 and Th2 cytokine-induced chemokines 21 can have powerful anti-inflammatory effects. The sustained Th2 response to colonising bacteria could downregulate Th1 and Th17 responses which could also have a role in the production of disease. 22 The second is that the IgE antibody itself can enhance antigen capture via Fce receptors on antigen-presenting cells and increase the recruitment of antibacterial T cells which, on balance, have been shown to be polarised to Th1, 23 and these could alter the education of dendritic cells and hence signals to allergen-specific T cells. 24 The inverse association of the IgE to Der p 1 and Der p 2 with the antibacterial IgE points to a downregulation of the anti-allergen Th2 response. The IgE antibodies to both S pneumoniae and H influenzae are also highly correlated with each other, 13 so there seems to be a group of people with a propensity to make IgE antibody to bacterial antigens and they have a reduced risk of asthma. The recent finding that exposure to a diverse range of microbes is inversely related to the risk of asthma points to the possibility that the protective association of antimicrobial IgE antibody and asthma could extend to other organisms. 25 The point prevalence rates for the detection of colonisation with H influenzae and S pneumoniae are conservatively about 30% for each organism, 26 27 with the colonisation episodes typically lasting about 5 weeks. Since the antigens examined have conserved sequences and are found in all isolates, repeated stimulation of the immune response would be expected from the successive waves of colonisation with these organisms every year. Immune responses to P4, 28 P6 29 and to PspA and PspC 30 are associated with protective immunity, so responses against them could have a bearing on colonisation. The reported increased colonisation of H influenzae in subjects with asthma 13 would fit the defective IgG1 response reported here.
The low IgG antibody response described here could enhance atopy and asthma by increasing the susceptibility to bacterial infection, and hence tissue damage, by exposure to pharmacologically active bacterial products. 6 It is also possible that underlying immune responses to the bacteria and allergens influence immune responses to each other when they are copresented at the mucosa to increase the degree of sensitisation. This has been shown, at least for allergens, to be able to increase allergic sensitisation. 31 It is also possible that the altered antibody responses are just markers that show people with atopy and asthma have alterations in an aspect of their mucosal immune system that extends beyond the response to allergens. These could also extend to virus infections, particularly rhinoviruses which have been implicated as the most frequent virus facilitating both the development and exacerbation of asthma. Recent data have, however, shown that increased bacterial colonisation, independent of viral infection and including both H influenzae and S pneumoniae, has been associated with susceptibility to asthma 9 and wheezing attacks, 12 and that young children with asthma have increased carriage of pneumococcus. 32 This is in addition to studies showing that subjects with asthma have an increased susceptibility to invasive bacterial infection, including pneumococcus. 33 34 Bacterial colonisation was not measured in the current cohort but, in keeping with many reports, virus infection is associated with the development of asthma and is especially associated with atopy. 12 15 The results here are from a high-risk cohort in which at least one parent had an allergy-associated disease. This might limit the interpretation of the results, but it extends previous observations in an emergency department cohort in which reduced IgG antibody was found in children with frequent and persistent asthma exacerbations. 5 The association of IgE antibody with H influenzae and S pneumoniae was previously ascertained in a large unselected birth cohort. 13 This study has focused on establishing the association between altered immune responses to colonising bacteria and the development of atopy and asthma. It has done this by extending previous observations with the P6 antigens of H influenzae to another protective antigen P4 and to responses to S pneumoniae, and by verifying the associations with independent cohorts. 5 13 The development of vaccines against S pneumoniae and non-typable H influenzae is an area of active research. The S pneumoniae polysaccharide-H influenzae protein D conjugate vaccine has reduced colonisation with both these organisms, 35 so it might also be used to study how they affect allergy and asthma. 
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